Abstract. An analytical and experimental investigation into the low-velocity behaviour of GLARE Fibre-Metal Laminates (FMLs) has been performed. A quasi-static approach was developed to estimate the perforation energy absorbed between the constituents of GLARE. The analysis considered contact area increase during perforation and strain rate effect on material properties. Particular attention was paid to the effect of ply-angle orientation and aluminium position. Predicted maximum impact force, maximum displacement, and perforation energy related to impact velocity were within 10% of test results. Stacking composite plies oriented along the diagonal of the plate with more than 2 aluminium layers leads to a more impact resistant FML. The generic nature of the developed methodology can support the optimization of high-performance FML concepts.
Introduction
GLARE (GLAss-Reinforced) Fibre-Metal Laminate (FML) has lower areal density, better corrosion and higher impact resistance than the aluminium alloys used in aerospace industry [1] . Unlike composite materials, it can be repaired using conventional aluminium repair techniques. GLARE consists of thin high-strength 2024-T3 aluminium layers bonded together in an autoclave with strong S2-glass/FM94-epoxy prepregs. The GLARE 5 grade is the result of an optimization of the FML technology for use in impact-prone structures [2] . The variant GLARE 5-2/1-0.4 is stacked as
• /AL] with 0.4 mm-thick aluminium layers. This material is being considered for further improvement with respect to impact strength.
Vlot [3] derived a non-linear method for the low-velocity response of fully clamped plates whereas Payeganeh [4] studied simply supported FMLs. Unlike these studies that are limited to elastic behaviour, Hoo Fatt [5] developed a model to determine the ballistic limit of GLARE although no test data was provided for the response. In this study, a new generic quasi-static methodology is developed and verified experimentally. The focus is on the influence of ply angle and metal position in the lay-up to investigate the low-velocity impact behaviour of FMLs. 
Experimental procedure
Fully clamped rectangular plates of 150 mm by 100 mm were impacted at room temperature in the middle of a 125 mm by 75 mm aperture with a projectile of 1.075 kg. The drop weight tower consisted of a conical steel projectile with a hemispherical nose defined by a radius of 6.35 mm.
The reference panel GLARE 5-2/1-0.4-L was compared with GLARE 5-2/1-0.4-T and GLARE 5-2/1-0.4-LT45. The rolling direction was defined as 0
• and it refered to the major axis of the rectangular plate. In the L panels the outer 0
• glass fibre layers were aligned with the major axis whereas they matched with the short direction in the T specimens and a direction 45
• away from the L direction in the LT45 samples. At least 4 samples for each configuration were impacted to evaluate the penetration limit. Material properties were taken from [6] [7] [8] . Longitudinal and transverse moduli of 2024-T3 aluminium were averaged out to consider this alloy as isotropic with strainhardening. As a result, a bilinear stress-strain curve was assumed with a Young's modulus of 70150 MPa and a modulus of plasticity of 997 MPa.
Model features
The progressive quasi-static damage model is an integration of three aspects: strainrate dependent material, stress analysis and progressive material degradation.
The approximation of the strain rate and its effect are determined in Subsect. 4.1. Indeed, 2024-T3 aluminium and S2-glass fibre are strain rate sensitive materials.
Von-Kármán strains are used in the First-order Shear Deformation Theory (FSDT) [9] and bending strains are computed with respect to the neutral axis of the laminate. Therefore, the stresses corresponding to the deformation of each layer are expressed as in the Classical Laminate Theory (CLT) [9] .
If yielding of an aluminium layer is detected by the Von Mises criterion, the Young's modulus is updated with the strain-hardened modulus. When a unidirectional composite layer meets the Tsai-Hill failure criterion, the stresses in the principal axes of this layer are distributed into the intact ones according to their respective stiffnesses. The failure process continues with the Johnson-Cook failure strain as aluminium undergoes large deformation. A ruptured layer has zero stiffness for the same thickness. This process will define the strain energy absorbed by the laminate.
The energy absorbed via delamination, tensile fracture and petaling is calculated to complete the energy balance. Therefore, the objective of the degradation model is to predict the energy threshold of FMLs and the energy distribution in the material constituents for a given initial strain rate. In this paper, the described methodology will assess the influence of the ply-angle orientation and the lay-up.
Constitutive equations 4.1 Strain rate
The strain rate was determined assuming that the full plate participates in the response: the impact velocity was divided by the average-half of the plate dimensions. The Johnson-Cook model accounts for the variation of the yield strength and the failure strain of aluminium. The coefficients used for the 2024-T3 alloy were taken from [10] . Thermal effect was ignored as tests were performed at room temperature. The augmentation of the strength of glass fibre composite due to higher strain rate relied on the observation from Armenakas: a strain rate of 100 s −1 results in a 10% increase in strength from static values [5, 11] .
